We present predictions for the evolution of radio emission from Active Galactic Nuclei (AGNs). We use a model that follows the evolution of Supermassive Black Hole (SMBH) masses and spins, within the latest version of the galform semi-analytic model of galaxy formation. We use a Blandford-Znajek type model to calculate the power of the relativistic jets produced by black hole accretion discs, and a scaling model to calculate radio luminosities. First, we present the predicted evolution of the jet power distribution, finding that this is dominated by objects fuelled by hot halo accretion and an ADAF accretion state for jet powers above 10 32 W at z = 0, with the contribution from objects fuelled by starbursts and in a thin disc accretion state being more important for lower jet powers at z = 0 and at all jet powers at high redshifts (z 3). We then present the evolution of the jet power density from the model. The model is consistent with current observational estimates of jet powers from radio luminosities, once we allow for the significant uncertainties in these observational estimates. Next, we calibrate the model for radio emission to a range of observational estimates of the z = 0 radio luminosity function. We compare the evolution of the model radio luminosity function to observational estimates for 0 < z < 6, finding that the predicted evolution is similar to that observed. Finally, we explore recalibrating the model to reproduce luminosity functions of core radio emission, finding that the model is in approximate agreement with the observations.
INTRODUCTION
Active Galactic Nuclei (AGNs) play a crucial role in galaxy formation. Vast cavities are seen in X-ray images of the hot intracluster gas in clusters, which appear to be produced by the expansion of radio-emitting plasma produced by AGN activity (e.g. Forman et al. 2005; Cavagnolo et al. 2011; David et al. 2011) . This AGN activity is also thought to heat the gas in haloes around individual galaxies, and so provides a mechanism for shutting off gas cooling in haloes and hence star formation in massive galaxies. This effect can produce the 'red and dead' ellipticals observed in the contemporary Universe, and allows theoretical models to re-E-mail: andrew.j.griffin@durham.ac.uk (AJG) produce the bright end of the galaxy luminosity function at the present day (e.g. Bower et al. 2006; Croton et al. 2006) . Given the role AGN feedback plays in the local Universe, understanding the evolution of AGN feedback through cosmic time is essential for an understanding of the evolution of the galaxy population.
Understanding the cosmic evolution of extragalactic radio sources has been of interest to the astrophysical community since the 1960s, when the aim was to distinguish between a steady-state Universe, and an evolving Big Bang model. Early work showed that the most luminous radio sources exhibited stronger cosmological evolution than the less luminous sources (Longair 1966) , but the lack of radio source redshifts in that work constituted a major uncertainty. Subsequent work showed that the comoving num-ber density of powerful radio sources at z ∼ 2 is ∼ 1000 higher than for the local Universe, with a strong decrease in the number density from z = 2 to z = 4 (e.g. Peacock 1985; Dunlop & Peacock 1990) , which was referred to as the high redshift 'cut-off'. Other works disputed this cutoff, with Jarvis & Rawlings (2000) , Jarvis et al. (2001) , and Willott et al. (2001) suggesting a more gradual evolution in the number density of high-redshift sources. In a more detailed analysis, Wall et al. (2005) confirmed the decrease in the number density of flat-spectrum radio sources for z 3. More recent studies have also investigated the less powerful sources, which seem to show only a modest increase in number density of a factor ∼ 2 from z = 0 to z = 0.5 (e.g. Sadler et al. 2007; Donoso et al. 2009 ), and also find that there is a decrease in number density for z > 0.7 (e.g. Rigby et al. 2011 ). Constraining the shape and evolution of the radio luminosity function is challenging observationally as it requires surveys with sufficient sensitivity and survey area to probe a wide range of radio luminosities.
This radio emission from AGNs is powered primarily by relativistic jets that originate near the SMBH. The most widely accepted models for these jets postulate that the jet energy source is either the rotational energy of the black hole (Blandford & Znajek 1977) , or the rotational energy of the accretion disc (Blandford & Payne 1982) . Production of jets in these models also requires a strong magnetic field close to the black hole, which is assumed to be generated in a black hole accretion disc. The evolution of the radio population therefore depends on the evolution of black hole masses, spins and accretion rates.
The radio luminosity function of AGNs has been suggested to be composed of two evolving populations, namely of 'radiative-mode' and 'jet-mode' sources (e.g. Best & Heckman 2012) 1 . This classification is typically based on optical emission line strength. Black holes in radiative-mode radio-AGN are thought to accrete material via a physically-thin, optically-thick, radiatively efficient accretion disc (Shakura & Sunyaev 1973) . Such AGNs have luminosities of L 0.01L Edd , where L Edd is the Eddington luminosity, and the radiation can also drive wide angle outflows at subrelativistic velocities. On the other hand, black holes in jetmode radio-AGN are thought to accrete material in a radiatively inefficient manner via a physically-thick, opticallythin accretion flow dominated by advection, referred to as an Advection Dominated Accretion Flow (ADAF -cf. Yuan & Narayan 2014) . These objects have luminosities of L 0.01L Edd , and most of the outflow energy is in collimated relativistic jets. Heckman & Best (2014) provide a comprehensive review of these two modes from an observational perspective.
Some studies have also investigated the evolution of the radio luminosity function for the compact central components ('cores') of radio AGNs. These typically use high frequency radio observations. The emission from the core is believed to more directly probe the region around the SMBH, and so the evolution of the core radio luminosity function may be more directly connected to the evolution of SMBHs across cosmic time. This paper is one of a series of papers exploring SMBH and AGN properties within an existing theoretical model of galaxy formation. Griffin et al. (2019a) , building on the model of Fanidakis et al. (2011) , presented a self-consistent model for the evolution of masses and spins of SMBHs within the semi-analytical galaxy formation model galform (Cole et al. 2000; Lacey et al. 2016) . They applied this model to investigate a wide range of SMBH and AGN properties that were compared to observations at 0 z 6. In Griffin et al. (2019b) this model was used to make predictions for future surveys with JWST and other space-based telescopes at z 7. In this paper, we explore jet powers and radio luminosities predicted by this model. While various previous theoretical studies have investigated the evolution of radio luminosities using different modelling techniques for the host galaxies, such as physical models of galaxy formation (e.g. Fanidakis et al. 2011; Hirschmann et al. 2014) , or empirical galaxy evolution models (e.g. Kaiser & Alexander 1999; Saxena et al. 2017 ), very few models base their radio luminosities on a self-consistent model for SMBH growth and spin evolution embedded in a physical model of galaxy formation.
The outline of this paper is as follows. In Section 2 we describe the model used. In Section 3 we present the predicted evolution of the jet powers. In Section 4 we present the predicted total radio luminosity function evolution, and in Section 5 we explore recalibrating the model to compare to the core radio luminosity function. In Section 6 we present our conclusions.
MODEL

Galaxy formation model
We calculate the evolution of the population of AGNs using the semi-analytic model of galaxy formation galform. In galform, which was first introduced in Cole et al. (2000) , a merger tree describing the formation history of each dark matter halo is populated with galaxies using analytic prescriptions for all of the baryonic physics in the form of a set of coupled differential equations that track the exchange of baryons between different galaxy components. Physical processes that are modelled include i) merging of dark matter haloes, ii) shock heating and radiative cooling of gas in haloes, iii) quiescent star formation in discs, iv) starbursts, v) feedback from photoionisation, supernovae, and AGNs, vi) the chemical evolution of gas and stars, vii) galaxies merging inside haloes due to dynamical friction, viii) bar instabilities in galaxy discs, ix) the evolution of stellar populations, and x) the extinction and reprocessing of radiation by dust. In this paper, we use the same model as in Griffin et al. (2019a) . This uses the galform model of Lacey et al. (2016) , as recalibrated for the Planck-Millennium simulation in Baugh et al. (2019) . The Lacey et al. (2016) model has been shown to match a broad range of observational data over a wide range of wavelengths and redshifts: from UV luminosity functions at z = 6 to the K-band luminosity function at z = 0, through to 850µm number counts. The model here uses the P-Millennium dark matter simulation (Baugh et al. 2019) , which assumes the Planck cosmology (Planck Collaboration et al. 2014) (which is different from the Wilkinson Microwave Anisotropy Probe (WMAP-7) cosmology (Komatsu et al. 2011 ) assumed in Lacey et al. (2016 ). This model uses a flat ΛCDM cosmology with h = 0.678, Ωm = 0.307, Ω b = 0.0483, and σ8 = 0.829. P-Millennium has a halo mass resolution of 2.12 × 10 9 h −1 M (corresponding to 20 dark matter particles) compared to 1.87 × 10 10 h −1 M for the dark matter simulation used in Lacey et al. (2016) . The resulting changes in a small number of galform parameters are described in Baugh et al. (2019) . The properties of the SMBHs and AGNs in this model have been shown to be broadly consistent with observations (Griffin et al. 2019a ).
SMBH spin evolution
The relativistic jets that power radio emission in AGNs are generally believed to arise from a combination of rotation and magnetic fields in the accretion disc around a black hole, with the source of the jet power believed to be either the rotational energy of the black hole (Blandford & Znajek 1977) , or of the accretion disc (Blandford & Payne 1982) . Hence, from a model of SMBH mass accretion and spin evolution, we can make predictions for properties of radio jets.
The model for SMBH spin evolution used here is that presented in Griffin et al. (2019a) , which is an updated version of the Fanidakis et al. (2011) model. While we refer the reader to Griffin et al. (2019a) for a detailed description of the model, we provide a brief overview here.
As gas in galaxies falls into the central regions, gas is accreted onto the SMBH, which carries angular momentum with it, therefore causing the SMBH to be spun up. However, it is not clear whether the direction of the angular momentum of the gas remains constant as it falls inwards, resulting in two different theoretical scenarios. In the 'prolonged scenario' of SMBH accretion (Volonteri et al. 2007) , the angular momentum of gas is assumed to remain in the same direction as the gas falls inwards, whereas in the 'chaotic scenario' of SMBH accretion proposed by King et al. (2008) the angular momentum direction of the accreted gas is assumed to be periodically randomised. On even smaller scales, the angular momentum of the SMBH can be misaligned with the angular momentum of the gas disc, causing the SMBH to induce Lense-Thirring precession in the disc. This effect causes the disc to be warped on the smallest scales (Bardeen & Petterson 1975 ).
In our model, the angular momentum of the SMBH and the accretion disc are calculated analytically, and the model tracks the evolution of these angular mometa as the gas is accreted onto the SMBH. As in Griffin et al. (2019a) we adopt here the chaotic scenario of SMBH accretion, and following King et al. (2008) , we assume that the angular momentum direction of the gas is randomised every time a disc selfgravity mass of gas is consumed. As in Griffin et al. (2019a) we assume that the gas is consumed in increments of the self-gravity mass.
The SMBH spin also changes when two SMBHs merge following a galaxy merger. The final spin depends on the spins of the two merging black holes, as well as the angular momentum of their binary orbit. To calculate the final spin, we use the expressions obtained from numerical simulations of BH-BH mergers.
The SMBH spin is parametrised by the dimensionless spin parameter, a = cJBH/GM 2 BH , where MBH is the black hole mass and JBH is the angular momentum of the black Table 1 . The values for the SMBH/AGN free parameters in the model. α cool the threshold of AGN feedback, heat , the AGN heating efficiency, f BH , the fraction of the mass of stars formed in the starburst accreted onto the SMBH, f Edd , the maximum SMBH heating rate parameter, and fq, the ratio of the duration of the accretion event to the bulge dynamical timescale, have the same values as in Griffin et al. (2019a) .
Parameter Value
hole. a = 0 signifies an SMBH that is not spinning and a = 1 signifies an SMBH that is maximally spinning.
SMBH accretion rates
The jet power depends on the mass accretion rate onto the SMBH as well as its mass and spin. In the model, gas is made available for accretion onto the SMBH by two fuelling modes: either by quiescent accretion from gas in the hot gas atmospheres of massive haloes, or by starbursts triggered by galaxy mergers or disc instabilities. The SMBH mass accretion rate is calculated as in Griffin et al. (2019a) , where for starbursts, the mass of gas made available for accretion onto the SMBH, is a fixed fraction, fBH, of the mass of the stars formed in the starburst, M ,burst . The value of fBH adopted is given in Table 1 and is the same as in Lacey et al. (2016) . The gas is assumed to accrete onto the SMBH at a constant rate over a time fqt bulge , where t bulge is the dynamical timescale of the bulge, and fq is a free parameter which was calibrated in Griffin et al. (2019a) , and given in Table 1 . Hence the mass accretion rate for this mode is:
For hot halo accretion, which is the mode of SMBH accretion where AGN feedback is assumed to be active (see Section 2.4 below), the mass accretion rate has the value required for the heating by the black hole to suppress gas cooling in the galaxy halo, and is given by:
where L cool is the radiative cooling luminosity of the hot halo gas and heat is the assumed constant halo heating efficiency of the SMBH. The value of heat is given in Table 1 , and is the same as in Lacey et al. (2016) . If the SMBH is accreting via both the starburst mode and the hot halo mode, the mass accretion rate onto the SMBH is the sum of both modes. From the mass accretion rate, we calculate a dimensionless mass accretion rate,ṁ, which we use when calculating jet powers and radio luminosities in Section 2.5.ṁ is defined as the SMBH mass accretion rate divided by the Eddington mass accretion rate:
whereṀ Edd is defined as:
Note that we define the Eddington mass accretion rate for a nominal fixed accretion efficiency of 0.1, even though the actual radiative efficiency is assumed to depend on black hole spin as described in Griffin et al. (2019a) . The Eddington luminosity L Edd is given by:
where we are using the expression appropriate for pure hydrogen gas.
AGN feedback in the model
SMBHs release energy through gas accretion, resulting in AGN feedback. In galform, we assume that the AGN feedback that occurs is radio mode feedback (Bower et al. 2006; Croton et al. 2006) , in which energy released by gas accreting onto the SMBH from the hot gas halo powers a relativistic jet that deposits energy in the halo to balance radiative cooling. As in Lacey et al. (2016) , we assume that the heating from the jet balances radiative cooling if the following two conditions are met. First, the cooling time of the gas, t cool , needs to be sufficiently long compared to the free-fall time, t ff , as cooling needs to be in the quasi-hydrostatic cooling regime:
where r cool is the cooling radius calculated using the procedure in Lacey et al. (2016) Section 3.3, and α cool is a free parameter, which was calibrated in Lacey et al. (2016) , and is given in Table 1 . Secondly, the cooling luminosity, L cool needs to be below a fraction of the Eddington luminosity, as jet production for AGN feedback is assumed to occur only for SMBHs accreting at low Eddington accretion rates:
where f Edd is a free parameter. The adopted value is given in Table 1 . If these conditions are not met, then there is assumed to be no accretion from the hot halo, and no AGN feedback.
Jet powers and radio luminosities
We calculate jet powers from black hole accretion discs following the Blandford & Znajek (1977) (BZ) model, in which the jet power is sourced from the rotational energy of the black hole. In the BZ model, the jet power, Q, depends on the black hole mass, the black hole spin, a, and the strength of the poloidal magnetic field, Bp:
The poloidal magnetic field in the accretion disc is related to the azimuthal magnetic field strength, B φ , via Bp ≈ (H/R)B φ , where H/R is the ratio of disc half-thickness to the disc radius. For geometrically thick ADAFs, H/R ∼ 1, whereas for (geometrically) thin discs, H/R is given by the thin disc equations. In our model, the SMBH is in the ADAF regime forṁ < 0.01, and is in the thin disc regime foṙ m > 0.01. The poloidal magnetic field can then be related to accretion disc quantities by assuming the magnetic field pressure is limited by the maximum pressure of the accretion disc (Moderski & Sikora 1996) . This assumption of equipartition is likely to provide an upper limit on B φ . The jet powers (summed over both jets) are then given by the expressions in Meier (2002):
The coefficient for the thin disc case is lower than for the ADAF case as a result of the smaller values of H/R for thin discs, which reduce the poloidal magnetic field compared to the azimuthal magnetic field.
To calculate the radio luminosity, LνR, at a particular frequency, we use the model of Heinz & Sunyaev (2003) , which relates the radio luminosity of core-dominated sources to the black hole mass and mass accretion rate, using scaling relations based on physical arguments. This model does not include any explicit dependence on the black hole spin. It gives LνR ∝ (MBHṁ) 1.42 for ADAFs, and LνR ∝ M 1.42 BH , for thin discs. By combining these relations with those for the jet powers, we obtain expressions for the radio luminosities 2 :
where νR is the rest-frame frequency, and AADAF and ATD are dimensionless free parameters of the Heinz & Sunyaev (2003) model, as their scaling relations do not provide values for the normalisation coefficients. We allow AADAF and ATD to vary independently, different from Fanidakis et al. (2011) who required AADAF/ATD = 100. We choose the values of AADAF and ATD to give the best agreement with the observed AGN radio luminosity function at z = 0, as we show in Figure 7 in Section 4 for our fiducial model. The values adopted for this study are given in Table  2 . We assume a power law SED for the radio emission, LνR ∝ ν −α , with α = 0.7. This radio emission model in galform with the parameters of the fiducial model has been used in Izquierdo-Villalba et al. (2018) to make predictions for the environments of radio galaxies, and in Amarantidis et al. (2019) in a comparison of AGN luminosity functions from different theoretical models. The model for jet powers has also been used in Ceraj et al. (2018) , who compared it to their observational estimate of the evolution of the jet power density.
AGN heating and jet efficiency
In the hot halo mode of SMBH accretion, where AGN feedback is operational, the efficiency of SMBH heating of the halo gas is set to a constant value heat = 0.02 as in equation (2), and Table 1 . This is the efficiency used in the galaxy formation model, which we will refer to as the AGN heating efficiency. We also calculate jet powers from the SMBH spin, mass, and accretion rate in equations (9) and (10), from which an alternative efficiency, jet = Q/(Ṁ c 2 ), can be calculated, which we will refer to as the AGN jet efficiency. If all of the energy in AGN jets were deposited in hot halo gas, one would expect heat = jet. We here present predictions for the evolution of jet powers and radio luminosities from an existing theoretical model of galaxy formation, and so in order to avoid modifying the underlying galaxy formation model, this condition was not imposed on heat . Modifying the model so that it is self-consistent in this aspect is not entirely straightforward, and so we postpone this to a future paper. However, we do explore in Section 3 whether the assumed AGN heating efficiency is similar to the average predicted AGN jet efficiency, finding that they are similar.
EVOLUTION OF JET POWER DENSITY
Predictions from the model
We first investigate the predicted evolution of the jet powers. In Figure 1 , we show QΦ(Q), the product of the jet power and the comoving number density of objects at each jet power, Φ(Q) = dn/d log Q, for z = 0, 3, 6. This is shown split by accretion state into the contributions from thin discs and ADAFs, and separately by fuelling mode into contributions from starburst-triggered accretion and hot halo accretion. When objects are fuelled by both the hot halo and the starburst modes, the source is attributed in the plot to whichever mode has the higher mass accretion rate. This distribution shows which jet powers and which contributions dominate the jet power density, as the integral of QΦ(Q) with respect to log Q is equal to the jet power density. Note that our predictions for jet powers are independent of our model for radio emission.
The ADAF and hot halo mode contributions evolve similarly because the Eddington normalised mass accretion rate for objects in the hot halo mode is generally below 0.01 (cf. equation (7)). On the other hand, the thin disc and starburst mode contributions evolve similarly because the Eddington normalised mass accretion rate is generally above 0.01 for starburst mode accretion. This is because the mass accretion rate is typically higher for starburst mode accretion, and because the starburst mode typically occurs for smaller black holes in smaller haloes. At z = 0, for Q 10 32 W, the dominant contribution to QΦ(Q) is from the starburst and thin disc contributions, whereas for Q 10 33 W, the dominant contribution is from the hot halo mode and ADAF contributions. At z = 3, for Q 10 34 W, the starburst and thin disc contributions dominate, whereas at Q ∼ 10 34 − 10 36 W, the contributions to QΦ(Q) from the starburst and hot halo modes contribute approximately equally. At z = 6, the dominant contribution to QΦ(Q) at all jet powers is from the starburst mode and thin disc contributions. These predictions for the different contributions to the jet power distribution could be tested observationally by future surveys.
The jet power density discussed below is dominated by objects in the peak of the QΦ(Q) distribution. The dominant contribution to the jet power density comes from sources with Q ∼ 10 36 W, independent of redshift over the range 0 < z < 6. Also, the peak in QΦ(Q) occurs at roughly the same jet power for both starburst and hot halo modes, again roughly independent of redshift. This appears to be fortuitous, given the very different typical jet efficiencies for the starburst and hot halo modes as discussed below.
In the top panel of Figure 2 we show the evolution with redshift of the jet power density, ρ(Q), where ρ(Q) is given by the total jet power summed over all galaxies divided by the total comoving volume. We also split the jet power density evolution into contributions from thin discs and ADAFs, and separately into contributions from starburst triggered accretion and hot halo accretion. When comparing the fuelling modes, the hot halo mode contribution dominates the jet power density for z < 3, whereas the starburst mode contribution dominates for z > 3. The hot halo contribution peaks at z ∼ 1, whereas the starburst contribution peaks at z ∼ 4. When comparing the accretion disc states, the ADAF contribution dominates for z < 3, and the thin disc contribution dominates for z > 3.
In the middle panel of Figure 2 , we show the evolution with redshift of the SMBH mass accretion rate density (the total mass accretion rate summed over all galaxies divided by the total comoving volume). The total mass accretion rate density increases with redshift for 0 < z < 3, has a peak around z = 3−4, and then decreases for z > 4. The mass accretion rate density is dominated by the contributions from AGNs fuelled by the starburst mode and accreting via the thin disc accretion state, except for z < 0.5 where the mass accretion rate density is dominated by the contribution from AGNs fuelled by the hot halo mode and accreting via the ADAF accretion state.
In the bottom panel of Figure 2 , we show the mass accretion rate weighted mean square SMBH spin, a 2 , calculated as a ratio of densities, a 2 = ρ(Ṁ a 2 )/ρ(Ṁ ). When considering all SMBHs together, a 2 decreases with redshift in the interval 0 < z < 2, from about 0.15 to 0.1, before increasing for z > 2 to about 0.18 at z = 6. For z < 4, the hot halo and ADAF contributions have higher values of a 2 compared to the starburst and thin disc contributions. This is because for the AGNs fuelled by the starburst mode, the objects with the highest mass accretion rates have low spins (around a = 0.2 at z = 0), whereas for the hot halo mode, the objects with the highest mass accretion rates have Figure 1 . The product of the jet power and the comoving number density of objects at each jet power QΦ(Q) = Qdn/d log Q, as a function of jet power, Q, for z = 0, 3, 6 (left, middle, and right panels). We show the total (black solid line), the total split by fuelling mode into the contribution from the starburst fuelling mode (light blue solid line) and from the hot halo fuelling mode (grey dot-dashed line), and the total split by accretion state into the contribution from thin discs (dark blue dotted line) and from ADAFs (red dashed line). When a source is fuelled by both the hot halo and starburst mode, we attribute the source to the mode with the highest mass accretion rate. In the left panel, the red and grey lines are underneath the black line, and in the right panel, the blue lines are underneath the black line.
slightly higher spins (a = 0.2 − 0.4 at z = 0). For z > 4, a 2 is greater for the starburst mode and thin disc contributions because the highest mass accretion rate SMBHs in the starburst mode have higher spins (a = 0.2 − 0.5 at z = 6), compared to the hot halo mode (where a = 0.2 − 0.4 at z = 6). The SMBH spin distributions are described in Griffin et al. (2019a) . Figure 2 to the expressions for the jet power in equations (9) and (10), we see that the dominance of the hot halo contribution to the jet power density at z < 3 is mainly due to the 80 times larger normalisation coefficient for ADAFs compared to thin discs. The relative evolution of the jet power densities from the starburst and hot halo modes is therefore driven mainly by the differences in mass accretion rates and in the normalisations of the jet power relations (see equations (9) and (10)), with variations in the spin playing only a minor role.
By comparing
In Figure 3 , we present the jet power density split into the contribution from different halo masses. For z < 1, the jet power density is dominated by AGNs in haloes of mass 13 < log(M halo /M ) < 14 (i.e. large galaxy groups and clusters), whereas for z > 1, the jet power density is dominated by AGNs in haloes of mass 11 < log(M halo /M ) < 13 (i.e. individual galaxies and smaller groups).
In Figure 4 , we show the evolution of the mean AGN jet efficiency,¯ jet (cf. Section 2.6), which is calculated as the ratio of the jet power density to the mass accretion rate density. The mean AGN jet efficiency is higher for the hot halo mode than for the starburst mode at all redshifts: this is mainly because the normalisation coefficient of the jet power for ADAFs is higher than for thin discs by a factor of 80 (see equations (9) and (10)). The jet efficiency of the two modes combined is similar to the hot halo mode jet efficiency for z < 1, and similar to that of the starburst mode for z > 3.
For the hot halo mode, which is where AGN feedback is assumed to be active in the model, at z = 0 the AGN jet efficiency is¯ jet ≈ 0.03, whereas at z = 3 it is¯ jet ≈ 0.02, and at z = 6 it is¯ jet ≈ 0.2, with an average over the history of the universe of 0.025. This time averaged value of the AGN jet efficiency is only 25% larger than the assumed constant value of the AGN heating efficiency, heat = 0.02. The fact that the mean AGN jet efficiency for the hot halo mode only varies modestly with time suggests that the assumption that the AGN heating efficiency is constant through time is a reasonable approximation.
Comparison of jet power density to observational estimates
We now compare the jet power density evolution predicted by our model to the observational estimate of Ceraj et al. (2018) . They obtain their estimate by measuring the evolution of the radio luminosity function at 1.4GHz, converting the 1.4GHz radio luminosities to jet powers using the Willott et al. (1999) relation, and then integrating over the subsequent jet power distribution. Ceraj et al. (2018) present their results both as data points in redshift bins, based on fitting an analytical luminosity function to data at that redshift, and also as a smooth function of redshift, obtained from an analytical pure luminosity evolution (PLE) model fit to their radio data. The Willott et al. (1999) relation for jet power is derived using minimum energy arguments to estimate the energy stored in the lobes given the observed synchrotron luminosity and combining with an estimate of the source age based on a dynamical model for the lobe expansion. This relation is expressed in terms of 1.4GHz luminosity in Heckman & Best (2014) , and is given by:
where fW is a factor that accounts for uncertainties in the knowledge of the physics of radio sources (primarily the composition of the radio emitting plasma and the low energy cutoff of the electron energy distribution). Willott et al. We only compare to the observational fit for z 4, as at higher redshifts the fit is not well constrained by the data. We compare our predicted jet power density to the observational estimate of Ceraj et al. (2018) , in Figure 5 . Comparing to their observational estimate using a value of fW = 15, our model is above their estimate by a factor of about 2 for 2 < z < 4, and by a factor of about 4 for z < 2. On the other hand, comparing to their observational estimate using a value of fW = 20, our model is above their estimate by a factor of about 1.5 for 2 < z < 4, and by a factor of about 2.5 for z < 2. The jet power density in the model generally evolves in a similar way to the observations, with both the model and observations showing an increase in jet power density with redshift for z 1, and a decrease for z 1. However, the increase of the jet power density with redshift for z 1 is slightly less steep in the model compared to the observations, and the model evolution is also slightly less steep compared to the observations for z 3.
While the model appears to be in some modest tension with the observations, there are several uncertainties in the observations to consider. First, there is uncertainty in the mean value of fW, which is estimated to take values in the range 1 − 20 (Willott et al. 1999) , and given that jet power depends on fW as Q ∝ f 3/2 W , there are then significant uncertainties in the calculated Q values. Secondly, rather than each radio source having the same fW value, it is likely that the radio source population has a distribution of fW values around the mean, resulting in an increase in the derived jet power density due to the non-linear dependence of Q on fW. Thirdly, the observational estimate extrapolates the fit of the luminosity function to lower radio luminosities when integrating over luminosity to derive jet power densities. The faint end of the radio luminosity function may behave differently from the fit, which would affect the estimated jet power density. Overall, given the uncertainties, the model is reasonably consistent with the observations.
In Figure 6 , we compare the predicted jet power density for AGNs accreting via a thin disc accretion state to the jet power density of 'moderate-to-high radiative luminosity AGN' (HLAGN) estimated from the observations by Ceraj et al. (2018) . In the observations, HLAGN are selected using a combination of (i) a threshold X-ray luminosity, (ii) mid-infrared colour-colour selection and (iii) template fitting to the spectral energy distributions (see Ceraj et al. 2018) . While HLAGN in the observations do not exactly correspond to thin discs in the model, one would expect radio sources accreting via a thin disc accretion state to have relatively high radiative luminosities, and so this is an approximate comparison. We find that while the model underpredicts the observations for z < 3 and overpredicts them for z > 3, it reproduces the behaviour that the number density of these objects should increase with redshift for 0 < z < 2. A more detailed application of these selections for HLAGN to the model in the future might give closer agreement with the observations. Similar comparisons to Figures 5 and 6 were done in Ceraj et al. (2018) , based on a slightly earlier version of the model.
EVOLUTION OF THE TOTAL RADIO LUMINOSITY FUNCTION OF AGN
We now compare our model predictions for the total radio luminosity function of AGN at z = 0 with observational estimates, before analysing the evolution of the radio luminosity function. In this Section, we present results from the fiducial model, with the values of AADAF and ATD given in Table 2 . In the left panel of Figure 7 we show the 1.4GHz Table 2 . The values of A ADAF and A TD for the different models presented in this paper. A ADAF and A TD are the normalisation coefficients of the radio luminosity for ADAFs and thin discs.
Model
A ADAF A TD Fiducial 2 × 10 −5 0.8 CR1 3 × 10 −5 3 × 10 −5 CR2 3 × 10 −6 0.1 radio luminosity function predicted by the fiducial model at z = 0 compared to observational estimates of the total radio luminosity function of AGN (i.e. including both compact and extended radio emission). The values of AADAF and ATD were calibrated to the data shown in this figure.
We allowed the values of AADAF and ATD to be different. AADAF is primarily constrained by the faint end of the radio luminosity function (Lν ∼ 10 22 WHz −1 ), whereas ATD is primarily constrained by the bright end of the radio luminosity function (Lν ∼ 10 26 WHz −1 ). ATD needs to be larger than AADAF for the model to be in agreement with the bright end of the radio luminosity function. If we force ATD to have the same value as AADAF, the radio luminosity function predicted by the model is much steeper than the observations, as we show in the left panel of Figure 7 . The model is able to match the observations very well at z = 0, although there are some tensions between the dif-ferent observational data sets, which we now describe. First, at Lν ∼ 10 25 WHz −1 , the Smolčić et al. (2009) and Smolčić et al. (2017) number densities are about 10 times higher than the Rigby et al. (2011) and Best et al. (2014) number densities. As discussed in Section 6.1.1 of Padovani et al. (2015) , this discrepancy may be a result of the sample selection. Rigby et al. (2011) and Best et al. (2014) select a sample of steep-spectrum sources (α > 0.5) 3 , in a variety of surveys with successively smaller areas and smaller flux density limits, whereas Smolčić et al. (2009) and Smolčić et al. (2017) select their sample with only a flux density limit. This difference could also be caused by sample variance caused by large scale structure, with the volumes at z ∼ 0 probed by the surveys in Smolčić et al. (2009) and Smolčić et al. (2017) being relatively small. The quoted observational errors at this luminosity are fairly large, with the errors for Smolčić et al. (2009 ), and Smolčić et al. (2017 being about 0.5 dex. Our predictions follow the estimate by Rigby et al. (2011) and Best et al. (2014) in this regime and to higher luminosities.
Secondly, for Lν < 10 23 WHz −1 , there is variation among the observational estimates spanning a range of around ∼ 1 dex, which may also be for the same reason as for Lν ∼ 10 25 WHz −1 . Alternatively, the differences may be caused by how the observational estimates distinguish between radio emission from star formation and from AGNs. Figure 8 . The evolution of the predicted rest-frame 1.4GHz luminosity function of AGN compared to observational estimates. The symbols for the observations, and the linestyles for the different fuelling modes of the model are the same as for the middle panel of Figure 7 . Pracy et al. (2016) find that below Lν ∼ 10 23 WHz −1 , the contribution from star formation dominates the radio luminosity function. Our model follows the data from McAlpine et al. (2013) and Smolčić et al. (2017) most closely. These two regimes may warrant further observational studies to better constrain the radio luminosity function of AGNs at these luminosities.
In the middle panel of Figure 7 we present the radio luminosity function of the model for AGN at z = 0 split by fuelling mode into contributions from the hot halo mode and from starbursts triggered by mergers and disc instabilities. The contribution from the hot halo mode is dominant for Lν < 10 24 WHz −1 , while for 10 24 WHz −1 < Lν < 10 26 WHz −1 the dominant contribution is from starbursts triggered by disc instabilties, and for Lν > 10 26 WHz −1 the dominant contribution is from starbursts triggered by galaxy mergers.
In the right panel of Figure 7 we show the radio luminosity function of the model at z = 0 for AGN split into contributions from AGNs in different mass haloes. We find that for 10 22.5 WHz −1 < Lν < 10 26.5 WHz −1 , the contribution from haloes of mass 11 < log(M halo /M ) < 13 (individual galaxies and smaller groups) dominates, whereas for Lν < 10 22.5 WHz −1 , and Lν > 10 26.5 WHz −1 the contribution from AGNs in haloes of mass 13 < log(M halo /M ) < 14 (large galaxy groups and clusters) dominates. The z = 0 radio luminosity function at intermediate luminosities (10 22.5 WHz −1 < Lν < 10 26.5 WHz −1 ) is therefore predicted to probe AGNs in different mass haloes to the jet power density at z = 0, where the latter is dominated by AGNs in haloes of mass 13 < log(M halo /M ) < 14.
In Figure 8 we present the predicted evolution of the AGN radio luminosity function for 0 < z < 6 compared to observational estimates. The model prediction fits well to the observations at z = 0 as previously discussed, but evolves differently compared to the observations. At z = 1, for Lν > 10 26 WHz −1 and for Lν < 10 24 WHz −1 , the model prediction is still in good agreement with the observations. However, the model overpredicts the number of objects around Lν ∼ 10 25 WHz −1 by about 0.5 dex. As we look to redshifts z > 3, a trend emerges where the model overpredicts the luminosity function for low luminosities, underpredicts the luminosity function for high luminosities, but predicts a similar number density to the observations for intermediate luminosities. For example, at z = 4, the model overpredicts the number density for Lν < 10 25 WHz −1 , underpredicts the number density for Lν > 10 26 WHz −1 , and agrees with the observations for 10 25 WHz −1 < Lν < 10 26 WHz −1 . This luminosity at which the model agrees with the observations decreases slightly with increasing redshift. The observations also have some significant uncertainties, for example at Lν ∼ 10 25 WHz −1 at z = 4, the Padovani et al. (2015) errors are about 1.3 dex, while the observed number densities from Simpson et al. (2012) and Padovani et al. (2015) are different by 1 dex. Some of this tension between the model and the observations at higher redshifts may be a result of the observations wrongly attributing radio emission from star formation to radio emission from AGNs.
In Figure 8 we also show the evolution of the contributions to the luminosity function from hot halo mode accretion and starbursts triggered by mergers and disc instabilities. At z = 1, similarly to z = 0, the hot halo mode contribution dominates the luminosity function for low luminosities (Lν < 10 24 WHz −1 ), the contribution from starbursts triggered by disc instabilities dominates for intermediate luminosities (10 24 WHz −1 < Lν < 10 25 WHz −1 ), and the contribution from starbursts triggered by mergers dominates for high luminosities (10 25 WHz −1 < Lν < 10 27 WHz −1 ). The hot halo mode contribution also dominates at the very highest luminosities (Lν > 10 27 WHz −1 ), unlike at z = 0. At z = 3, the contribution from starbursts triggered by disc instabilties dominates at low luminosities (Lν < 10 25 WHz −1 ) and the hot halo mode contribution dominates at higher luminosities (Lν > 10 25 WHz −1 ). This behaviour continues out to z = 6.
In this figure, it can be seen that the model provides a slightly better fit to the observations for z 1 with only the hot halo mode contribution. In Griffin et al. (2019a) , the inclusion of starbursts (particularly starbursts triggered by disc instabilities) gave better agreement between the model AGN radiative bolometric luminosity function and the observations for 0 < z < 6. Here, we are exploring AGN properties from an existing galaxy formation model which includes disc instabilities to reproduce other galaxy properties (see Lacey et al. 2016) , but this tension regarding whether the model requires disc instabilities will require further investigation.
EVOLUTION OF THE CORE RADIO LUMINOSITY FUNCTION OF AGN
AGNs show radio emission from both compact cores and extended components. The extended component generally dominates the radio emission at lower frequencies, whereas the core component is thought to originate from the inner jet, and dominates the radio emission at higher frequencies.
In the radio luminosity functions presented in Figures 7 and  8 , we calculated radio luminosities from equations (11) and (12) using the values of AADAF and ATD from Table 1 , and we assumed that the radio luminosity is dominated by emission from the central core. We now consider the effect on our results if we compare our model instead to observational estimates of the luminosity function of core radio emission. To do this, we recalibrate the values of AADAF and ATD to try to fit observational estimates of the luminosity function of core radio emission at z = 0. In this Section, we present two recalibrations of the model, with the values of AADAF and ATD given in Table 2 .
In Falcke et al. (2000) , Sadler et al. (2014) , and Saikia et al. (2018) , the luminosity functions of core radio emission are estimated from high frequency (15GHz or 20GHz) observations. At these high frequencies, the radio emission is expected to be dominated by the core emission rather than the extended emission. Sadler et al. (2014) find that for the majority of their sources, the radio emission is unresolved on ∼ 10kpc scales. Sadler et al. (2014) present a 20GHz radio luminosity function, which we assume is dominated by the core emission. On the other hand, Falcke et al. (2004) and Saikia et al. (2018) used high resolution Very Large Array (VLA) imaging to confirm the compact (parsec scale) natures of the radio cores in their samples. The contribution of radio emission from star formation is expected to be relatively small at these high frequencies.
A different study (Yuan et al. 2018 ) estimated the core radio luminosity function by using an observed total radio luminosity function and a derived relation between core radio luminosity and total radio luminosity. Importantly, this relation is assumed to be independent of redshift. Yuan et al. (2018) only present their core luminosity function as a double power-law fit. As their estimates are more modeldependent than the others, we show their estimates as a dashed line to emphasise the difference between it and the other estimates. We only show the Yuan et al. (2018) estimate for z 2, as beyond this their sample is very sparse, and also only plot the luminosity function over the core luminosity range directly observed in their sample 4 .
We present core radio luminosity functions at 15GHz, converting the observations that are not at 15GHz (Sadler et al. 2014; Yuan et al. 2018 ) assuming a flat spectrum (α = 0), which is appropriate for compact sources, and also assuming a flat spectrum for the model. We first explore whether a good fit to the observed core radio luminosity function can be obtained while requiring AADAF and ATD to have the same value. With this requirement, we present model CR1, as shown in Figure 9 . We have primarily calibrated this model to the observational estimates from Falcke et al. (2004) , Sadler et al. (2014) , and Saikia et al. (2018) . The model is in good agreement with these three observational estimates at z = 0, but underpredicts the estimate of Yuan et al. (2018) at high luminosities (Lν > 10 24 WHz −1 ). The model underpredicts the estimate of Yuan et al. (2018) at higher redshifts. We therefore explore whether a better fit can be obtained by allowing AADAF and ATD to be different.
In Figure 10 , we present model CR2, where AADAF and ATD have been allowed to be different. As for model CR1, we have primarily calibrated this model to the observational estimates from Falcke et al. (2004) , Sadler et al. (2014) , and Saikia et al. (2018) . This model fits slightly better to the observational estimates at z = 0, and although it generally underpredicts the estimate of Yuan et al. (2018) for z < 2, it is approximately consistent with Yuan et al. (2018) at z = 2. At z = 2, the model does predict a different shape for the core radio luminosity function than the observations, being steeper at high luminosities than the estimate of Yuan et al. This model is therefore more consistent with the observations than model CR1.
We also explored whether a better fit could be obtained by including Doppler boosting effects. The Heinz & Sunyaev (2003) model supposedly takes into account the angle-average effect of Doppler boosting effects, but Doppler boosting depends strongly on the angle between the jet and the line of sight to the observer. Doppler boosting is Figure 9 . The evolution of the rest-frame 15GHz AGN luminosity function predicted by model CR1 (with A ADAF and A TD given in Table 2, where sources pointing towards the observer have a higher luminosity because of relativistic beaming effects. The luminosity of sources is changed by Lo/Li = D 3+α where Lo is the observed luminosity of the source, Li is the intrinsic luminosity of the source when Doppler boosting is not included, α = 0 is the spectral index of the source, and D is the Doppler factor, given by:
where γ is the bulk Lorentz factor of the jet, β is the jet speed in units of c, and θ is the angle between the jet and the line of sight to the observer. We assume that the jet directions are randomly distributed over the surface of a sphere. Doppler boosting produces a tail of objects with large boost factors, but causes most objects to have lower luminosities. The distribution of D 3+α is a power law with slope −1/(3 + α), with minimum and maximum values that depend on γ, where higher values of γ have a wider range of values. The angular dependence of optical depth effects is not included here, which may be important. We might expect that sources with the strongest Doppler boosting would have the largest optical depth.
In Figure 11 we then compare the model prediction including Doppler boosting to observations of the core radio luminosity function. We show γ = 1, 5, 10, 15 (similar to the values estimated by Ghisellini et al. 2010) , where γ = 1 corresponds to D = 1. We use the same parameters as for model CR1 to illustrate the effect of including Doppler boosting. The model including Doppler boosting fits less well to the observational estimates by Falcke et al. (2004) , Sadler et al. (2014) , and Saikia et al. (2018) at both lower luminosities (Lν < 10 22 WHz −1 ) and higher luminosities (Lν > 10 24 WHz −1 ) at z = 0, but is in better agreement with the observational estimate of Yuan et al. (2018) at the highest luminosities (Lν ∼ 10 26 WHz −1 ) at z = 0. While the model predicts fewer objects than Yuan et al. (2018) at all redshifts, the slope of the luminosity function is similar at z = 2.
The assumption in Yuan et al. (2018) that the relation between core and total radio luminosity does not evolve with redshift may be the cause of the discrepancy between model CR1 and CR2 and the observations at higher redshift (when including Doppler boosting the model is in better agreement with the observations at higher redshift). Alternatively the discrepancies may arise because the simple model we are using for the core-dominated emission is inaccurate. Figure 10 . The same as Figure 9 , but showing recalibrated model CR2 (with A ADAF and A TD given in Table 2 ), in which we allowed A ADAF and A TD to be different.
CONCLUSIONS
Understanding the evolution of radio AGN is important for understanding galaxy evolution, given the role that relativistic jets from AGNs are believed to play in shutting off star formation via AGN feedback. Observational estimates of the evolution of the radio luminosity function have greatly improved in recent years, and these can provide insights into the evolution of AGN jets.
We present predictions from the galform semianalytical model of galaxy formation, where a merger tree describing the formation history of each dark matter halo is populated with galaxies using analytical prescriptions for the baryonic physics. The model tracks black hole mass and spin evolution, where black holes can grow by quiescent accretion of gas from the hot halo, or by accretion of gas from starbursts triggered either by galaxy mergers or disc instabilities, or by merging with another SMBH. The gas accretion and the mergers also change the SMBH spins. We calculate jet luminosities using a Blandford-Znajek type model, and calculate the radio luminosity from the jet power using the Heinz & Sunyaev (2003) scaling model.
First, we predict the evolution of the jet powers. We present the distribution of jet powers of objects for 0 z 6, finding that the hot halo mode and ADAF accretion state contributions dominate for higher jet powers (Q 10 33 ) at lower redshift (z = 0), contribute approximately equally to the starburst mode and thin disc accretion state at Q ∼ 10 36 W at z = 3, but do not dominate the jet power distribution at the highest redshifts (z = 6). The starburst mode and thin disc accretion state contributions dominate at low jet powers and low redshift, and at all jet powers at higher redshifts. We find that the peak of this distribution, which dominates the jet power density, is at Q ∼ 10 36 W, independent of redshift for 0 < z < 6. The distribution for the starburst and hot halo contributions also peaks at this jet power.
We then explore the predicted evolution of the jet power density. The jet power density is dominated by the contribution from haloes of mass 13 < log(M halo /M ) < 14 for z < 1, and by the contribution from haloes of mass 11 < log(M halo /M ) < 13 for z > 1. The mean AGN jet efficiency, which is the ratio of the jet power density to the mass accretion rate density, for the hot halo mode only varies modestly with time, suggesting that the assumption in the galaxy formation model that AGN heating efficiency is constant through time is a reasonable assumption. We then compare the jet power density evolution to the observational estimate of Ceraj et al. (2018) based on the measured radio luminosity function. The model prediction is slightly higher than the observational estimate, but reproduces the general shape of the jet power density evolution. The model evolves somewhat less steeply than the observations at low and high redshifts. Given the uncertainties in observationally estimating jet powers from radio luminosities, this tension may not be significant.
We then present the predicted radio luminosity function, where the two free parameters of the model relating radio luminosity to jet power (AADAF and ATD) are calibrated Figure 11 . The evolution of model CR1 including Doppler boosting for γ = 1 (which corresponds to a Doppler boost factor D = 1, black dotted line), γ = 5 (red solid line), γ = 10 (light blue solid line), and γ = 15 (dark blue solid line). We compare the model to the same observational estimates of the core radio luminosity function in Figure 9 , except with the estimate of Yuan et al. (2018) shown in black and grey for clarity.
to the observed total AGN radio luminosity function (including both compact and extended radio emission) at z = 0. We split the predicted radio luminosity function at z = 0 into contributions from different gas fuelling modes, finding that the contribution from the hot halo mode dominates at low luminosities (Lν < 10 24 WHz −1 ), the contribution from starbursts triggered by disc instabilities dominates at intermediate luminosities (10 24 WHz −1 < Lν < 10 26 WHz −1 ), and the contribution from starbursts triggered by mergers dominates at high luminosities (Lν > 10 26 WHz −1 ). We also find that the radio luminosity function at z = 0 at intermediate luminosities (10 22.5 WHz −1 < Lν < 10 26.5 WHz −1 ) is dominated by the contribution from AGNs in haloes of mass 11 < log(M halo /M ) < 13, whereas at Lν < 10 22.5 WHz −1 and Lν > 10 26.5 WHz −1 , the radio luminosity function is dominated by AGNs in haloes of mass 13 < log(M halo /M ) < 15.
We present predictions for the evolution of the radio luminosity function in the redshift range 0 < z < 6. The predictions evolve similarly to the observations of the total radio luminosity function, although at higher redshift the model luminosity function is steeper than that implied by observations. At the highest redshifts (z > 3) we find that the radio luminosity function is dominated by the contribution from starbursts triggered by disc instabilities for Lν < 10 25 WHz −1 and by the contribution from the hot halo mode for Lν > 10 25 WHz −1 .
Finally, we recalibrated the model for comparison with the luminosity function for core radio emission in AGNs. First, we recalibrated the model with the constraint that the two free parameters that relate radio luminosity to jet power (AADAF and ATD) must be equal. This model gave an acceptable fit with most observations at z = 0, but not very good agreement for 0.5 z 2. Slightly better agreement at all redshifts was obtained when we allowed AADAF and ATD to be different. We also present predictions where radio sources in the model have been Doppler boosted, which gives better agreement with the slope of the observed core radio luminosity function at z = 2.
While the model generally provides a reasonable fit to the observational data, and incorporates some key physics by calculating jet powers and radio luminosities using a prescription based on SMBH mass, accretion rate and spin, it could be improved. The scaling model that we use to relate the radio luminosity to the jet power was developed for coredominated radio emission, however, in real radio AGN there is also radio emission from extended lobe structures, which are particularly important at lower frequencies. Inclusion of a more detailed model for the radio emission from AGN including extended emission from lobes might provide a better fit to the observations (e.g. the slope of the high redshift luminosity function), and so we plan to present such a model in a future paper.
Overall, the comparison of predictions like these to observations is important for an improved understanding of AGN feedback, and here we provide a first step by presenting the evolution of jet powers and radio luminosities from our model. Further development of this model should allow more refined comparisons with observational data, and so provide more detailed insight into AGN feedback.
